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pathways for CO, migration, thereby increasing the risk of CO, leakage. In this study, we determined the
types, developmental characteristics, permeability changes, and CO,-H,0-Rock reactions of natural
fractures in the mudstone cap rocks of the Sanduo Formation (Ess) and Dainan Formation (Ed) in the
Gaoyou Sag of the Subei Basin using core observations, thin-section analysis, rock mechanics experi-

Edited by Xi Zhang and Jie Hao ments, and paleomagnetic directional analysis. We identified four tectonic fracture sets (NNW, NWW,

EW, and NE); high-angle shear fractures, ranging from 60° to 90° (average 82°) and typically measuring
Keywords: 4-12 cm (average 7.5 cm), dominate the assemblage, while slip fractures, ranging from 32° to 50°
Cap rock (average 36°) and measuring 3-6 cm (average 3.9 cm), are also present. At the microscale, shear frac-
Natural fractures tures average 160 pm, and bedding fractures average 82 pm. Notably, 85.78% of shear fractures are
€O, geological storage unfilled, with calcite filling observed in 14.22%, while other fracture types show no filling. Permeability

tests on samples without fractures reveal that permeability declines rapidly below 9 MPa, especially in
shallower samples, followed by a slower reduction between 9 and 13 MPa, and ultimately stabilizes at
approximately 0.00003 mD. In contrast, samples with fractures exhibit permeability that is 3-4 orders
of magnitude higher; their fracture permeability decays according to a power law with pressure yet
remains above 10 mD even at 46 MPa. Fractures with larger dip angles and those aligned with the
maximum principal stress demonstrate the highest permeability. While silicate-filled fractures exhibit
negligible changes in permeability, carbonate-filled fractures experience a temporary enhancement due
to dissolution; however, subsequent permeability remains controlled by factors such as effective stress
and fracture orientation.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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disasters (Dar et al., 2022; Sennaoui et al., 2025). Currently,
approximately 140 government organizations worldwide have
committed to achieving net-zero carbon emissions, and the vision
of carbon neutrality has become a global consensus (Ishaq and
Crawford, 2023; Li et al., 2023b). The carbon emissions from the
combustion of fossil fuels account for 33%-40% of the total global
carbon emissions generated by human activities (Khatri et al.,
2006; Liu et al., 2024). Due to the increasing global population
and the accelerated industrialization process, there remains a
strong dependence on fossil energy on a global scale for an
extended period, and the demand for energy is expected to
continue to rise (Sakthivel et al., 2024; Xu et al., 2023). Amidst the
prominent contradiction between human development needs and
climate and environmental concerns, Carbon Capture, Utilization,
and Storage (CCUS) technology has become a more favorable op-
tion for achieving decarbonization goals due to its low imple-
mentation risks and uncertainties (Liu et al., 2023; Zhao et al,,
2025). CO, storage is a crucial component of CCUS, and geolog-
ical storage sites include depleted oil and gas reservoirs,
unmineable coal seams, deep-sea locations, and deep saline
aquifers (Chen et al., 2022; Li et al., 2023a; Yekeen et al., 2020). In
particular, depleted oil and gas reservoirs serve as natural storage
sites for CO,. They possess well-contained systems and substantial
storage capacity, ensuring high safety in the medium to long term.
Additionally, by enhancing oil and gas recovery rates, operators
can gain additional economic returns. Thus, depleted oil and gas
reservoirs are considered ideal and economically viable locations
for CO, geological storage (Bao et al., 2023; Wang et al., 2017).
However, there is always a risk of leakage associated with the
storage of CO; in depleted oil and gas reservoirs, as well as other
geological storage methods (Bachu, 2016; Yang et al., 2023). If
there is a large-scale, short-term leakage of stored CO,, it could
potentially lead to more severe natural disasters (Bachu and
Adams, 2003; Hou et al, 2022). A low-permeability cap rock
above the CO,, reservoir is essential for effective CO, containment
(Li et al., 2006). Therefore, the assessment of the cap rock in the
target area for CO, geological storage is a fundamental task to
ensure the long-term secure storage.

The cap rock is a low-permeability sealing layer, such as
mudstone, salt, or gypsum, directly overlaying the reservoir. The
degree of its sealing directly influences the safety and stability of
long-term CO; storage (Smith, 1966; Song and Zhang, 2013). The
sealing mechanisms of cap rock include capillary sealing, over-
pressure sealing, and hydraulic sealing. Capillary sealing involves
capillary pressure in the cap rock pores hindering fluid escape, and
the sealing capability depends on the capillary pressure (Pc) (Al-
Yaseri et al., 2022; Bachu et al., 2007). It is primarily influenced by
the diagenetic evolution of mudstone cap rock, interfacial tension,
wettability, and cap rock thickness (Ali et al., 2022; Tremosa et al.,
2017). The overpressure sealing of the cap rock is mainly
controlled by the adsorption resistance in the cap rock pores, and
the sealing capability enhances with an increase in overpressure
(Hao et al,, 2015). The capillary pressure of hydraulic sealing in the
cap rock is exceptionally high, and underground water in the cap
rock blocks the diffusion and migration of fluids driven by static
hydraulic pressure or gravity (Chen et al., 2023a; Finkbeiner et al.,
2001). The diffusion and permeation patterns of fluids in porous
media indicate that the pore network and natural fractures directly
determine the permeability of the cap rock and the diffusion ca-
pacity of CO, (Ichikawa et al., 2007). Changes in the cap rock
permeability significantly affect its sealing effectiveness and the
ability for underground CO, storage (Zhang et al., 2021a). After
underground injection of CO,, changes in the permeability of cap
rock pores may lead to CO; leakage through the following two
processes: (1) Mechanical damage. Following the injection of CO;
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into the underground target layer, the pressure gradient in the
target layer moves upward (Rohmer et al., 2016). The occurrence of
changes in interfacial tension, wetting contact angles, and pore
throat radii between cap rock fluids and CO, makes it highly sus-
ceptible to the formation of preferential flow channels, leading to
capillary leakage (Edlmann et al., 2013; Ma et al, 2020). (2)
Chemical reactions. After CO; injection into the underground target
layer, it forms carbonic acid fluid with groundwater, and acidic fluid
tends to migrate upward to the bottom of the cap rock (Bachu and
Shaw, 2003; Grimm et al.,, 2012). Subsequently, physical and
chemical reactions occur with minerals in the cap rock, leading to
mineral dissolution, new mineral precipitation, and pore plugging,
thereby enhancing or reducing the sealing capability of the cap rock
(Hou et al.,, 2022; Rohmer et al., 2016). In summary, after the in-
jection of CO, (Asem and Gardoni, 2022; Chen et al.,, 2023a),
changes in pressure, stress fields, and CO,-H,0-Rock interactions
within the cap rock result in corresponding alterations in the
sealing effectiveness of the cap rock (Rutqvist and Tsang, 2002;
Zheng and Espinoza, 2021). Simultaneously, after CO, injection,
the impact of natural fractures on the permeability of the cap rock
and CO; geological storage cannot be ignored.

Natural fractures refer to macroscopic discontinuity surfaces
that exist in rocks, formed due to tectonic deformation or physical
diagenetic processes (Cao et al., 2024; Zeng et al., 2013; Zhang
et al, 2021b). Under the influence of tectonic stress during
geological history, both cap rock and reservoir may develop nat-
ural fractures to varying degrees (Ju et al., 2019; Zeng, 2008). Over
the years, due to the significance of natural fractures as crucial
reservoir storage space and primary fluid flow pathways, scholars
have focused on systematic research into the types, formation
mechanisms, and controlling factors of reservoir fractures (Zeng
et al. 2023, 2024). This has led to the development of a series of
characterization methods and prediction techniques (Ju and Sun,
2016; Laubach et al., 2019). The natural fractures within the cap
rock represent potential pathways for CO, migration, and the
presence of natural fractures always increases the risk of CO,
leakage (Antropov et al., 2017). After the injection of CO; into the
underground target layer, the increase in pore fluid pressure can
reactivate natural fractures or induce new fractures in the cap rock,
disrupting hydraulic sealing and leading to CO; leakage (Rui et al.,
2025). In process (1), if natural fractures exist within the cap rock,
mechanical damage becomes more severe, leading to several or-
ders of magnitude increase in the cap rock permeability (Elkhoury
et al., 2013). This can even result in changes in the stress and rock
mechanics properties of the cap rock, leading to its collapse
(Durham et al., 2001). Simultaneously, in process (2), CO,-H,0-
Rock interaction can alter the structure and permeability of frac-
tures, affecting the sealing integrity of the cap rock (Wu et al,,
2017). Surprisingly, there is little knowledge about the impact of
natural fractures in the cap rock on CO, geological storage based
on the study of the characteristics and distribution patterns of
natural fractures.

In this study, we focus on the cap rock of the Paleogene Sanduo
Formation and Dainan Formation in the Gaoyou Sag of the Subei
Basin. Firstly, through core drilling and scanning electron micro-
scopy data, we identified the types of natural fractures in the cap
rock, characterized important parameters such as fracture dip,
density, length, and effectiveness, and combined them with core
magnetic orientation technology to determine the orientation of
fractures, collectively elucidating the development characteristics
of cap rock fractures. Secondly, through rock mechanics experi-
ments and physical property tests, we clarified the opening pres-
sure and permeability of cap rock fractures. Finally, we analyzed
the factors influencing the opening pressure of cap rock fractures
during CO; injection and their impact on CO, geological storage,
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and discussed the factors influencing the permeability of cap rock
fractures after CO, injection and their impact on CO, geological
storage.

2. Geological settings
2.1. Location and structure

Subei Basin is a Cenozoic rift basin formed above the Creta-
ceous basement. It is the onshore part of the Northern Jiangsu-
South Yellow Sea Basin, with an area of approximately
35,000 km? (Fig. 1(a) and (b)) (Quaye et al., 2019). The basin trends
northeastward, bounded by the Tan-Lu Fault to the west, con-
nected to the SuLu Orogenic Belt to the north, extending eastward
into the Yellow Sea, and delimited to the south by the Yangzhou-
Rugao. After the early extensional faulting stage, late subsidence
stage, and sagging stage, the basin formed successively from north
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to south, including the Yanfu Depression, Jianhu Uplift, and
Dongtai Depression (Liu et al., 2016). The Gaoyou Sag is located in
the southern part of the Subei Basin, generally trending northeast
(Fig. 1(c)). It has a width of approximately 25-35 km from north to
south, a length of about 100 km from east to west, and covers an
area of approximately 2670 km?. The southern part of the sag is
adjacent to the Tongyang Uplift and Wubu Low Uplift, while the
northern part is connected to the Zheduo Low Uplift by a gentle
slope. In the west, it is connected to the Jinhu Sag through a saddle
between the Liubu Low Uplift and the Lingtangqgiao Low Uplift. To
the east, it is bordered by the Baiju Depression. Formed during the
Late Cretaceous Yezheng Movement and the Cenozoic Wubu
Movement, the depression exhibits a characteristic funnel shape
with a steep southern slope and a gentle northern slope (Zhu et al.,
2023Db). From south to north, the sag can be further divided into
the southern steep slope zone, the central deep sag zone, and the
northern slope zone (Fig. 1(d)).
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Fig. 1. (a-b) Geographical location of the Subei Basin in China. (c) Distribution of the main tectonic units in the Subei Basin. (d) Tectonic outline map of the Gaoyou Sag. Modified

from Su et al., (2022).
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2.2. Stratigraphy and sedimentology

The Cenozoic stratigraphy of the Gaoyou Sag, from the youngest
to the oldest, comprises the Quaternary Dongtai Formation, the
Neogene Yancheng Formation, the Eocene Sanduo Formation (Ess),
the Eocene Dainan Formation (E»d), and the Paleogene Funing
Formation (E;f) (Fig. 2). Among these formations, the first (E;1f;),
second (Eqfy), and third (E{f3) segments of the four-part Funing
Formation serve as reservoirs, while the fourth segment (E;fs)
functions as a hydrocarbon source rock (Quaye et al., 2022).

The Dainan Formation comprises Dainan Member 1 and Dainan
Member 2, with thicknesses ranging from 200 to 950 m and
100-900 m, respectively. The primary lithologies include fine
sandstone, sandstone, sandy mudstone, and mudstone. On the
other hand, the Sanduo Formation consists of Sanduo Member 1
(Ezs1) and Sanduo Member 2 (E3s,), with thicknesses ranging from
100 to 800 m and 50-800 m, respectively (Fig. 2). Its main lithol-
ogies include mudstone, muddy sandstone, fine sandstone, and
sandy conglomerate. The Dainan Formation primarily represents
fluvial, lacustrine, and swamp facies, while the Sanduo Formation
reflects deposition in a hilly—fluvial plain terrain, characterized by
river floodplains and interfluve basins (Zhu et al., 2023a). During
the sedimentation period from E,d to E;sq, two lake transgressions
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occurred, specifically during the sedimentation period of Dainan
Member 1 Sub-member 1 (Epd}) and Sanduo Member 1 Sub-
member 6 (Ezs‘%). These events resulted in the formation of
shore-shallow lake and semi-deep lake subfacies mudstones,
constituting the primary regional cap rocks in the shallow for-
mations of the Gaoyou Sag.

2.3. Cap rock characteristics

2.3.1. Macroscopic characteristics of cap rock

In the Gaoyou Sag, E»d} comprises five sets of high-conductivity
dark mudstones, featuring mud content ranging from 43% to 92%.
The western single-layer mudstone exhibits greater thickness,
reaching a maximum of around 100 m, while the eastern single-
layer mudstone has a maximum thickness of less than 40 m
(Fig. 3(a)). Overall, it shows a distribution pattern with thicker
layers in the west and thinner layers in the east on the plane. In the
Sag, E,s§ comprises one set of high-conductivity dark mudstones
characterized by relatively thin mudstone layers. The total thick-
ness is approximately 12-50 m, with the maximum thickness of a
single layer reaching up to 12 m (Fig. 3(b)). The mud content
ranges from 15% to 56%. The research results indicate that the
displacement pressure of the Ed} cap rock is generally greater
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Fig. 2. Stratigraphic column of the Gaoyou Sag in the Subei Basin. Modified from Liu et al., (2017); Su et al., (2022).
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Fig. 3. Mudstone thickness contour map of Gaoyou Sag in Subei Basin, modified from
Qiu (2022). (a) Mudstone thickness contour map of E,d}. (b) Mudstone thickness
contour map of Eys§.

than 1 MPa, exceeding 2 MPa in the deep sag zone, with the
maximum reaching up to 10 MPa in the central part of the deep
Sag. For the E,s§ cap rock, the displacement pressure ranges from
0.5 to 4 MPa, surpassing 2 MPa in the deep sag zone, while in other
areas, the displacement pressure is relatively lower, ranging be-
tween 1 and 2 MPa (Qiu, 2022).

2.3.2. Microscopic characteristics of cap rock
The results of X-ray diffraction mineralogical analysis for cap
rock mudstone samples indicate that illite is the dominant min-

Petroleum Science 22 (2025) 4341-4356

3. Materials and methods
3.1. Materials for fracture research

We collected core data and scanning electron microscope
(SEM) images from nine wells, along with triaxial compression test
data from four wells in the study area, to analyze natural fractures
in the cap rock. Parameters such as fracture dip, density, fillability,
and length were examined. Additionally, 18 core samples were
analyzed for fracture orientation and permeability. At the same
time, basic cap rock data, including physical properties and min-
eral composition, were compiled to characterize its microscopic
features. These data were obtained from the Petroleum Explora-
tion and Development Research Institute, SINOPEC. The investi-
gated samples and applied measurements are shown in Table 2.

3.2. Cap rock natural fracture paleomagnetic orientation

In the study area, there is no oriented core or imaging logging
data for the cap rock. The orientation of fractures can be deter-
mined using paleomagnetic orientation techniques on core sam-
ples (Zeng et al., 2010). Iron-bearing minerals in rocks have the
ability to record and preserve the direction of the geomagnetic
field. Prolonged exposure to the Earth’s magnetic field results in
rocks acquiring axial dipole magnetic field properties. Using
thermal demagnetization methods, it is possible to obtain vectors
for natural remanent magnetization, primary remanent magneti-
zation, and secondary remanent magnetization. In the laboratory,
establish the OXYZ sample-relative coordinate system, where the
X-axis, projecting onto the stratum, becomes the Xi-axis (Fig. 4).
Subsequently, establish the 01X;Y1Z; layer coordinate system. The
angle o between the OXY plane and the 01X1YZ; plane represents
the dip angle of the sample in the stratum. After obtaining the
components (X, Y, Z) of the remanent magnetization vector in the
sample coordinate system, rotate the X and Z axes clockwise
around the Y-axis by an angle ¢ to obtain the components (Xj, Y3,
Zq) of the magnetization vector in the layer coordinate system
(Fig. 4). The relationship between the two coordinate systems is
expressed as:

X1 =Xcos0+Zsino
Y=Y

Table 2
Investigated samples and applied measurements.

eral, with an average content of approximately 33.1%, followed by Measurements Sample quantity
quartz with an average content of about 31.0% (Table 1). The Number of Number of
average contents of plagioclase and calcite are 15.5% and 10.5%, samples wells
respectively. The average content of other minerals, including Cap rock Physical property 12 5
chlorite, potassium feldspar, and hematite, is less than 5%. The data collection ~ XRD 8 4
analysis of porosity and permeability for cap rock mudstone SEM ) 37 9
samples in the study area reveals that the matrix porosity of the ::C’;::Liccc:l“tzr;zsmn 6 4
O O 1
mudstone ranges from 6.67/o.t9 8.62%, with an average valge Qf CO,-H,0-Rock reaction test 1 1
around 7.85%. The permeability of the overburden matrix is Fracture Paleomagnetic orientation 12 7
generally less than 0.03 mD, with a minimum value of only 0.001 characterization ~ Measurement of CO» 6 3
mD. Overall, the mudstone cap rock in the study area has good g?fffmeab”'ty U”defd, i
sealing properties and can effectively block the leakage of CO». ifferent stress conditions
Table 1
The results of X-ray diffraction mineralogical analysis.
Mineralogy Chlorite Illite Quartz Potash feldspar Plagioclase Calcite Hematite
Content, % 14-32 26.8 —40.7 212-350 09-78 6.7 —24.0 82-15.6 0-35
22 33.1 31.0 3.9 15.5 10.5 138
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Fig. 4. Schematic diagram of paleomagnetic orientation of fractures. F-fractures;
s-angle between fractures and marker line; D —-magnetic declination relative to the
marker line.

Z1=-Xsin0+Zcos 9

Through coordinate transformation, the remanent magnetiza-
tion vector in natural fractures has been converted to the
geographic coordinate system. The above components are trans-
formed into the geographic coordinate system with the Xp-axis
oriented to the true north and the Yp-axis oriented to the east. As
the plane coordinate system 01X1Y; and the geographic coordinate
system OgXoYp are in the same plane, therefore:

Xo =X cos0—Y;sing

Yy = X1 sin g+ Yy cos g

Zo=24

in the formula, p represents the rotation angle around the Z axis.

The current relationship between magnetic declination (D) and
magnetic inclination (I) is:

tan D = Yy/Xp = tan[arctan(Y; /X1) + 5]

Pressure sensor

Petroleum Science 22 (2025) 4341-4356

tanI:Zg/(X3+Y8) ZZ]/(X%+Y12)

Therefore, g = D-arctan(Y1/X;), represents the direction of the
marker line on the sample in the geographic coordinate system. In
the geographic coordinate system, the orientation of the fracture is
B+ 6, where é is the angle between the fracture on the core and the
marker line (Fig. 4).

3.3. Cap rock permeability testing

The experiment was conducted on the GPP-1 high-pressure
pore permeability testing system at the State Key Laboratory of
Petroleum Resources and Engineering, China University of Petro-
leum (Beijing) (Fig. 5). Experimental samples were selected from 6
mudstone cores between 1900 and 2200 m in the Paleogene
Sanduo Formation and Dainan Formation of the Subei Basin.
Permeability characteristic tests for both fractures and matrix
were conducted under different stress conditions. Due to the
highly fragile and incomplete nature of mudstone core samples
containing fractures, testing was challenging. Therefore, artificial
fractures were created within the same depth range as natural
fractures by splitting to match the inclination angle of natural
fractures (Table 3 and Fig. 5). Three core samples were artificially
produced to generate fractures with inclinations of 47°, 62°, and
89°, respectively, parallel to the axial direction of the piston
sample axis. The stress on the overlying rock mass in the study
area is approximately 43-50 MPa, and the final stable confining
pressure for the experiment was set at 46 MPa. The experiment
followed the calibration method of measuring instruments of core
gas (SY/T 6810-2010), a petroleum and natural gas industry stan-
dard in China. The experiments were conducted at room temper-
ature (20 °C), using nitrogen gas as the measuring gas, injected
along the axial direction of the piston sample at an angle of 90°,
and the permeability of the samples was recorded under pressure
conditions of 7,9, 11,13, 15, 26, 31, 36, 41, and 46 MPa, respectively.

3.4. Cap rock CO»-H,0O-rock reaction testing

The rock samples used for the CO,-H,0-Rock reaction test were
obtained from the target section of the cap rock in the Subei Basin.
The experimental setup consisted of a high-pressure volumetric
pump (0-70 MPa, 0.0001 mL/min), a high-temperature and high-
pressure corrosion-resistant reactor (0-150 °C, 0-70 MPa), a
BLUE M incubator (0-150 °C), Honeywell pressure sensors, a DBPR-
005 back pressure regulator, a measurement system, an iron core
support (0-150 °C, 0-70 MPa), and a confining pressure pump
(Fig. 6). Initially, the rock cores were cleaned with deionized water,

0
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Collection
system

Q0

ple No. 3 sample

e

Core clamp
Pressure pump

Core

=0 :0
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Fig. 5. Schematic diagram of high-pressure pore permeability testing system.
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Table 3
Summary of the research materials.
Sample type No. Sample size Lithology Depth, m Fracture dip, ° Fracture length, cm
Samples without fractures 1 25mm x 50 mm Mudstone 1907.3 / /
2 25mm x 50 mm Mudstone 1910.6 / /
3 25mm x 50 mm Mudstone 2000.5 / /
Samples with fractures 4 25mm x 50 mm Mudstone 1907.4 89 4.99
5 25mm x 50 mm Mudstone 1910.5 62 441
6 25mm x 50 mm Mudstone 2000.2 47 3.65

D

Brine and CO,

Pressure pump

Pressure pump

BPR
Pressure pump
Core clamp
Pressure monitoring
system Collection

system

Fig. 6. Schematic diagram of the CO,-H,0-Rock reaction device.

dried in a drum, and then the length, diameter, and mass of the
cores were measured (Table 4). Brine was prepared and added to
the reactor, and the temperature and pressure were adjusted
(Chen et al., 2023b). After sufficient reaction, the saturated car-
bonate solution was displaced, and the gas and water samples
generated at different times were recorded. Samples from
different reaction times were retrieved, and wet and dry samples
were weighed. Mineral types and contents of samples at different
reaction times were identified through EDS analysis.

4. Results
4.1. Fracture study

4.1.1. Types and characteristics of fractures

Based on the observation results from core and thin-section
data, from the geological origin perspective of natural fractures,
the cap rock natural fractures of the Paleogene Sanduo Formation
and Dainan Formation in the Gaoyou Sag of the Subei Basin are
classified into tectonic fractures and non-tectonic fractures (Figs. 7
and 8).

Tectonic fractures are the main type of natural fractures in the
Paleogene Sanduo Formation and Dainan Formation cap rocks in
the Gaoyou Sag of the Subei Basin. They are fractures formed under
the influence of local tectonic events or tectonic stress fields.
Tectonic fractures in the study area include tectonic shear fractures
and tectonic slip fractures. Tectonic shear fractures have stable
orientations, with straight and smooth surfaces, often showing
slickenlines or even stepovers, and sometimes exhibiting calcite
mineral fillings (Figs. 7(a), (d), and 8(a)). Tectonic slip fractures are
a specific type of low-angle shear fractures that form when shear
occurs along weak mudstone layers under tectonic compression or
extension. Consequently, the angles between slip fractures and the
maximum principal compressive stress (1) do not conform to the
shear angle distribution typically described by rock shear fracture
criteria (Zeng et al., 2007). These fractures have smooth surfaces,
sometimes displaying mirror-like features, with lower dip angles
and shorter extension lengths (Fig. 7(b)).

Non-tectonic fractures are mainly composed of diagenetic
fractures. Diagenetic fractures result from volume reduction dur-
ing rock diagenesis, driven by geological processes such as
compaction and pressure solution. In the study area, these

Table 4
Summary of the mudstone sample.
No. Depth, m Mass, g Length, cm Diameter, cm Quartz, Potash feldspar, Plagioclase, Calcite, Chlorite, Illite,
% % % % % %
7 1915.7 39.57 3.72 2.50 34.2 4.2 213 13.7 1.7 24.9
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Tectonic slip fracture

Fig. 7. Core photographs of cap rock fractures. (a) High-angle tectonic shear fracture, mudstone, 2027.6 m, Well F51. (b) Tectonic slide fracture, mudstone, 1911.3 m, Well F46. (c)
Dissolution fracture, mudstone, 1949.9 m, Well F38. (d) Calcite vein in high-angle tectonic fracture, mudstone, 1920.3 m, Well F44.

4 4 q

Téetonic fracture

Diagenetic fracture

Fig. 8. Scanning electron microscope (SEM) images of cap rock fractures. (a) Tectonic fracture, 1997.3 m, Well F12. (b) Bedding fracture, 1915.3 m, Well F22.

fractures predominantly manifest as bedding fractures and
dissolution fractures. Bedding fractures typically align parallel to
the bedding planes, featuring small dip angles and exhibiting
characteristics like bending, discontinuity, branching, and termi-
nation (Fig. 8(b)). However, they often demonstrate poor conti-
nuity. Dissolution fractures originate from differential dissolution
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processes. They may initially form as fractures and subsequently
evolve into bead-like structures through dissolution (Fig. 7(c)).
Alternatively, they can arise from the partial or complete disso-
lution of filling materials. Common features include dissolution
pores dispersed around the fractures, and their orientations tend
to be unstable.
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4.1.2. Fracture occurrence

The results of cap rock fracture orientations determined by core
magnetic orientation indicate the presence of four sets of tectonic
fractures in the study area, oriented NNW-SSE, NWW-SEE, nearly
E-W, and NE-SW (Fig. 9). Among them, NE-oriented tectonic
fractures have the highest proportion, followed by NNW-oriented
fractures, while nearly E-W and NWW-oriented tectonic fractures
have the lowest proportion.

Based on the inclination angle of tectonic fractures, they are
classified into nearly vertical fractures (>80°), high-angle fractures
(60-80°), intermediate-angle fractures (30-60°), low-angle frac-
tures (10-30°), and nearly horizontal fractures (<10°). The statis-
tical results of fracture dip angles from the core data show that the
dip angles of tectonic shear fractures in the study area range be-
tween 60° and 90°, predominantly high-angle fractures, with an
average dip angle of approximately 82° (Fig. 10). The dip angles of
tectonic slip fractures range from 32° to 50°, mainly intermediate-
angle fractures, with an average dip angle of around 36° (Fig. 10).
Although we did not observe bedding fractures in the core, the dip
angles of bedding fractures are expected to be in the range of
0-10°, mainly nearly horizontal fractures.

4.1.3. Fracture length

The statistical results from core drilling indicate that the
lengths of tectonic shear fractures in the cap rock of the study area
are typically less than 20 cm, mainly distributed in the range of
4-12 cm, with an average fracture length of approximately 7.5 cm
(Fig. 11). The scale of tectonic slip fractures is usually less than
10 cm, distributed in the range of 3-6 cm, with an average fracture
length of about 3.9 cm (Fig. 11). Thin-section observations show
that the lengths of microscopic tectonic fractures range from 100
to 275 pm, with an average length of 160 um. At the microscopic
scale, the lengths of bedding fractures range from 50 to 120 pm,
with an average length of 82 um. Therefore, the lengths of tectonic
fractures are greater than those of bedding fractures.

4.1.4. Fracture density

Based on the observation results of core samples in the study
area, the linear density of tectonic shear fractures is 0.03 m™, the
linear density of tectonic slip fractures is 0.07 m™!, and the linear

180

Fig. 9. Rose diagram of cap rock fracture orientations determined by core magnetic
orientation (N = 12).
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Fig. 10. Histogram of the frequency distribution of cap rock fracture dip angles.

density of dissolution fractures is 0.01 m™.. The results indicate
differences in linear density among different types of fractures,
reflecting variations in the development of different types of
fractures.

4.1.5. Fracture effectiveness

The evaluation of fracture effectiveness includes the filling
characteristics and aperture of the fractures. Based on measure-
ments and observations of core fractures, the effectiveness char-
acteristics of different types of fractures in the cap rock of the
study area were determined. The statistical results show that un-
filled fractures dominate in tectonic shear fractures, accounting for
approximately 85.78%, while fully filled fractures constitute
14.22%, and partially filled fractures were not observed (Fig. 12).
The filling material in these fractures is predominantly calcite
(Fig. 7(d)). Tectonic slip fractures, bedding fractures, and dissolu-
tion fractures are all unfilled, with no observed filling material. The
maximum aperture of dissolution fractures is up to 5 mm, with an
average of approximately 1.49 mm. The aperture of unfilled tec-
tonic shear fractures, slip fractures, and bedding fractures is
generally <100 pm, with an average aperture of approximately
17.29 um for tectonic shear fractures, 9.45 pm for slip fractures, and
the smallest aperture for bedding fractures, averaging about
4.38 pm.

4.2. The opening pressure of cap rock fractures

During the CO, injection process, as the pressure increases,
fractures in the cap rock open when the pressure surpasses the
opening pressure of natural fractures. In this study, the opening
pressure of some natural fractures in the cap rock was calculated
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Fig. 11. Histogram of the frequency distribution of cap rock fracture lengths.
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Fig. 12. Statistical results of the filling degree of cap rock fractures (N = 32).

as an example. The calculation formula is as follows (Zeng et al.,
2008):

P; = (ﬁHpsg sin 6 + Hpsg cos 6 — aprg> x 1076
+ Hf ¢ sin g cos 8 + Hf 63 sin g cos

in the equation, P; represents the static closure pressure of natural
fractures, MPa; u is the Poisson’s ratio of the rock, dimensionless;
is the formation pressure coefficient, dimensionless; H is the burial
depth of the fracture, m; ¢ is the dip angle of the fracture, °; ps is
the rock density, kg/m?; p, is the density of water, kg/m?; g is the
gravitational acceleration, N/kg; 3 is the angle between the current
horizontal maximum principal stress and the fracture trend, °; foq
and fo3 are the gradients of the horizontal maximum and mini-
mum principal stresses, with positive values indicating compres-
sive stress and negative values indicating tensile stress, MPa/m.
The Poisson’s ratio (u) is determined through rock mechanics ex-
periments. The study area exhibits normal formation pressure,
with the pressure coefficient ranging from 0.8 to 1.0; « is consid-
ered as the average value, 0.9; ps, pw, H, and ¢ are all based on
measured data; the current direction of the maximum horizontal
principal stress is approximately E-W, and the fracture trend is
determined by core magnetic orientation to obtain g; the current
maximum principal stress gradient is approximately —0.01509
MPa/m, and the minimum principal stress gradient is 0.0196 MPa/
m (Chen, 2009). The calculation results are shown in Table 5.

4.3. The permeability of cap rock fractures

The experimental results of overburden gas permeability for
samples without fractures show that, with increasing confining
pressure, the matrix permeability of samples at different burial
depths gradually decreases (Fig. 13). When the confining pressure
is less than 9 MPa, the matrix permeability declines rapidly, with
shallower samples exhibiting a significantly greater reduction
compared to the sample at a burial depth of 2000.5 m. As the
confining pressure increases to between 9 and 13 MPa, the rate of
permeability reduction gradually slows down. With a further
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increase in confining pressure beyond 13 MPa, the matrix
permeability of samples at different burial depths becomes nearly
identical, decreasing to approximately 0.00015 mD. Thereafter, as
the pressure continues to rise, the matrix permeability gradually
stabilizes at around 0.00003 mD.

The results of permeability tests on samples containing frac-
tures indicate that their permeability is higher by 3-4 orders of
magnitude compared to samples without fractures (Fig. 14).
Therefore, it is considered that the permeability of samples con-
taining fractures is approximately equal to the permeability of the
fractures within the samples. Experimental results show that with
increasing pressure, the permeability of fractures exhibits a more
pronounced power-law decay, eventually stabilizing. Even when
the confining pressure reaches 46 MPa, the permeability of frac-
tures can still exceed 10 mD, indicating that cap rock fractures
have a strong permeability to CO,. Furthermore, with increasing
confining pressure, samples with fractures of different dip angles
exhibit significant differences in permeability characteristics. On
one hand, the smaller the dip angle of the fractures, the lower the
permeability of the samples under maximum confining pressure
conditions. On the other hand, fractures with different dip angles
show variations in sensitivity to pressure; as pressure increases,
samples with larger dip angles experience a significantly higher
rate of permeability reduction compared to samples with smaller
dip angles. Additionally, core observations confirm a significant
difference in the dip angle distribution between tectonic shear
fractures and tectonic slip fractures. The former is mainly
distributed between 60 and 90°, while the latter ranges between
32 and 50°. Therefore, compared to tectonic slip fractures, tectonic
shear fractures exhibit greater stress sensitivity.

4.4. Cap rock CO»-H,O-rock reaction

The results of changes in the content of various mineral com-
ponents with CO, sequestration time indicate that quartz, with
SiO, as its main component, exhibits stable properties. The quartz
content increased from 34.2% to 37.1%. A comparison of data at
different times reveals a slight increase in quartz content (Fig. 15).

0.014

—— H=1907.3m
—— H=19106m
—&— H=2000.5m

0.012 A

0.010 A

0.008 -

0.006 -

0.004 -

0.002

Absolute permeability, mD

26 31 36 41 46

Confining pressure, MPa

Fig. 13. Permeability-pressure relationship diagram of core samples without
fractures.

Table 5

Calculation results of opening pressure for cap rock fractures.
Sample No. H, m Fracture strike 9,° u ps, kg/m? pw, kg/m? fo1, MPa/m fo3, MPa/m B ° P;, MPa
8 1907.4 NNW-SSE 89 0.26 2500 1020 —-0.01509 0.00025 60 25.23
9 1910.5 NWW-SEE 62 0.38 2610 1020 -0.01509 0.00025 30 4529
10 2000.2 NE-SW 47 0.41 2430 1020 —-0.01509 0.00025 45 54.57
11 2036.8 E-W 75 0.38 2500 1020 —-0.01509 0.00025 0 24.63
Average value 1963.7 / 68.3 0.36 2510 1020 —0.01509 0.00025 33.8 /
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Fig. 14. Permeability-pressure relationship diagram of core samples with fractures.

Potassium feldspar, mainly composed of KAISi3Og, saw its content
rise from 4.2% to 10.7% (Fig. 15). Plagioclase, composed primarily of
NaAlSi3Og, experienced an increase in content from 21.3% to 31.7%
(Fig. 15). Calcite, mainly consisting of CaCOs, initially decreased in
content from 10.7% to 1.4%, then increased to 7%, before decreasing
to 0 (Fig. 15). Clay minerals, primarily composed of kaolinite, illite,
and montmorillonite, decreased overall from 29.6% to 20.5%
(Fig. 15). Dolomite, composed mainly of CaMg(COs),, increased
from O to 8.2%, then decreased back to 0 (Fig. 15).

5. Discussion

5.1. Factors influencing the opening pressure of cap rock fractures
and their impact on CO, geological storage

5.1.1. Factors influencing the opening pressure of cap rock fractures
(1) Fracture burial depth

Due to the influence of the current stress field, fractures with
different orientations at the same depth experience varying
opening pressures. Therefore, when studying the impact of frac-
ture burial depth on the opening pressure, it is necessary to focus
on fractures with the same orientation. Under the same orienta-
tion conditions (fracture dip angle () = 68.3°, fracture dip angle
between the current horizontal maximum principal stress and the
fracture trend (B) = 33.8°), the relationship between burial depth
(H) and opening pressure (P;) indicates that for fractures with the
same orientation and dip angle, the deeper the burial position, the
greater the opening pressure, making it more difficult for the

Mineral content, %

Carbon dioxide reaction time, day

—— Quartz
—l— Calcite

—@— Potash feldspar
—&— Clay

—&— Plagioclase
—+— Dolomite

Fig. 15. Relationship between the change in rock mineral composition and the re-
action time with CO,.
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Fig. 16. Relationship between the burial depth of fractures and the opening pressure
of fractures when ¢ = 68.3° and g = 33.8°. The average value of x for 4 samples is
taken as 0.36, and the average value of ps for 4 samples is 2510 kg/m>.

fractures to open (Fig. 16). These two factors show a positive cor-
relation. This is because, as the depth of fracture burial increases,
the overlying confining pressure acting on the fracture surface
increases. Consequently, the pressure required for the fracture to
reopen becomes greater, resulting in a larger opening pressure for
underground fractures. Therefore, considering the similar devel-
opment characteristics of cap rock fractures in the Sanduo For-
mation and Dainan Formation in the study area, the Dainan
Formation, with its deeper burial depth than the Sanduo Forma-
tion, requires a greater opening pressure for fractures to open.
Consequently, the cap rock of the Dainan Formation is more
effective for the CO, geological storage.

(2) Fracture orientation and current stress

The relationship between different g and ¢ values and P; in-
dicates that within the same depth range, fractures with dip angles
distributed between 45° and 90°, sharing the same trend, have
smaller opening pressures for larger dip angles, making them
more prone to opening (Fig. 17). Fractures with dip angles
distributed between 0° and 45°, sharing the same trend, have
smaller opening pressures for smaller dip angles, making them
more prone to opening (Fig. 18). Additionally, among fractures
with the same dip angle, those with smaller angles between their
trend and the current maximum horizontal principal stress have
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Fig. 17. Relationship between the angle between the current maximum horizontal
principal stress direction and the fracture trend and the opening pressure of fractures
(6 = 45-90°). H is the average value taken from 4 samples, 1963.7 m; x is the average
value taken from 4 samples, 0.36; ps is the average value taken from 4 samples,
2510 kg/m®.
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Fig. 18. Relationship between the angle between the current maximum horizontal
principal stress direction and the fracture trend and the opening pressure of fractures
(6 = 0-45°). H is the average value taken from 4 samples, 1963.7 m; u is the average
value taken from 4 samples, 0.36; ps is the average value taken from 4 samples,
2510 kg/m>.

smaller opening pressures, making them more prone to opening
(Figs. 17 and 18). The influence of the current stress field on the
opening pressure of fractures is mainly manifested when, under
constant conditions, the smaller the angle between the direction
of the maximum principal stress and the trend of the fracture, the
smaller the opening pressure of the fracture. Conversely, the larger
the angle, the greater the opening pressure of the fracture. As the
orientation of fractures changes, the static rock confining pressure
experienced by the fracture surfaces varies, leading to different
pressures required for the fractures to reopen. Fractures nearly
parallel to the direction of the maximum principal stress (3 = 0°)
are in a tensile state with a large underground opening, resulting
in the minimum opening pressure. Fractures nearly perpendicular
to the direction of the maximum principal stress (f = 90°) are in a
compressive state with a small underground opening, resulting in
the maximum opening pressure. Fractures obliquely intersecting
with the direction of the maximum principal stress exhibit a
combined tensile and shear state with an underground opening
between the aforementioned two cases, resulting in an opening
pressure between the two extremes. It is worth noting that when
the dip angle of fractures is distributed between 0° and 10°, the
angle between the current stress field direction and the trend of
the fracture has almost no effect on the opening pressure of the
fracture. At this point, the opening pressure of the fracture is only
influenced by the overlying formation pressure. Based on the
development characteristics of natural fractures in the study area,
the opening pressure of fractures with different orientations, ar-
ranged from smallest to largest, is approximately as follows: nearly
E-W, NWW-SEE, NE-SW, and NNW-SSE directions.

(3) Pore fluid pressure

The relationship between the formation pressure coefficient
and the opening pressure of fractures indicates that, within the
same depth range, fractures with the same orientation in an
abnormally high-pressure fluid environment have smaller opening
pressures compared to fractures in a static hydrostatic pressure
environment (Fig. 19). Fractures in an abnormally high-pressure
environment are more easily opened because the fluid bears a
greater load, reducing the confining pressure effect on the frac-
tures, i.e., decreasing the opening pressure of the fractures.
Conversely, when the pore fluid pressure is less than static
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Fig. 19. Relationship between the coefficient of formation pressure and the opening
pressure of fractures at ¢ = 68.3°, # = 33.8°, H = 1963.7 m. y is the average value taken
from 4 samples, 0.36; ps is the average value taken from 4 samples, 2510 kg/m?.

hydrostatic pressure, the skeleton bears more force, leading to an
increase in the opening pressure of the fractures. Therefore, cap
rocks in low-pressure or ambient-pressure environments are less
prone to fracture opening compared to those in high-pressure
environments, exhibiting better CO, storage capacity.

5.1.2. The impact of opening pressure of cap rock fractures on CO,
geological storage

With the increasing injection of CO,, the formation pressure
gradually rises, causing instability in the formation. The range
affected by pressure increments in the cap rock continues to
expand (Qin et al., 2022). If the pressure within the cap rock be-
comes too high, it not only leads to the formation of new fractures
but also results in the further opening, extension, and expansion of
existing natural fractures in the cap rock, leading to the failure of
CO,; storage (Lavrov, 2016). Due to the generally lower opening
pressure of existing natural fractures, especially high-angle tec-
tonic fractures, compared to the formation fracturing pressure, the
injection pressure may cause fractures to open and extend before
inducing formation fracturing (Zeng et al., 2023). In this scenario,
determining reasonable CO; injection pressure limits should not
rely on the formation fracturing pressure but rather on the
opening pressure of fractures to avoid widespread fracture open-
ing and CO, leakage. For CO, geological storage, critical input pa-
rameters such as the shallowest burial depth of the cap rock, the
maximum value of the formation pressure coefficient, the
maximum dip angle of fractures, and the minimum angle between
the current maximum principal stress direction and fracture trend
should be chosen. This approach will help control internal pres-
sure within the cap rock, prevent further opening and extension of
cap rock fractures, and effectively enhance the overall CO, storage
capacity.

5.2. Factors influencing the permeability of cap rock fractures and
their impact on CO geological storage

5.2.1. Factors influencing the permeability of cap rock fractures
(1) Fracture orientation and current maximum principal stress
Under the influence of overlying lithostatic pressure, the

normal stress acting on the low-angle fracture surface is signifi-
cantly greater than that on the high-angle fracture surface. This
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results in larger apertures for high-angle fractures compared to
low-angle fractures, indicating better effectiveness. Therefore, as
the dip angle of fractures increases, the permeability of fractures
also increases. The relationship between the fracture trend and the
direction of the current maximum principal stress is as follows:
fractures parallel to the current maximum principal stress direc-
tion have larger apertures, better connectivity, higher perme-
ability, and represent the main flow direction. In contrast, fractures
perpendicular to the current maximum principal stress direction,
due to the larger normal stress acting perpendicular to the fracture
surface, tend to be closed and are less effective. Fractures with
orientations oblique to the current maximum principal stress di-
rection fall between the two categories, and as the angle between
them increases, the aperture and permeability of fractures
decrease (Zeng and Li, 2009). Therefore, fractures with larger dip
angles and orientations consistent with the current stress direc-
tion exhibit the highest permeability.

(2) Effective stress

External effective stress is a crucial factor influencing the
permeability of cap rock fractures, and fractures with different dip
angles exhibit significant pressure sensitivity. Under the influence
of overlying lithostatic pressure, the normal stress acting on the
low-angle fracture surface is notably greater than that on the high-
angle fracture surface. Consequently, high-angle fractures exhibit
larger apertures than low-angle fractures, indicating a stronger
permeability for high-angle fractures. Therefore, as the dip angle
of fractures decreases and effective stress increases, the aperture
of fractures decreases, leading to a reduction in the permeability of
fractures. It is worth noting that, despite the decrease in aperture,
experimental results on fracture permeability indicate that in the
deep Jurassic tight sandstone reservoirs at the southern margin of
the Junggar Basin, where fracture burial depth exceeds 8000 m
(with confining and axial pressures reaching 115 MPa), the fracture
permeability can still reach around 20 mD (Mao et al., 2020). The
permeability of natural fractures remains over 400 times higher
than the matrix permeability of the reservoir. Therefore, natural
fractures continue to serve as essential storage spaces and main
flow channels in deep tight reservoirs. It can be reasonably infer-
red that natural fractures in the cap rock may not completely close
with increasing effective stress or burial depth. Natural fractures
remain potential pathways for CO, leakage, posing an increased
risk of CO, storage failure.

(3) Mineral composition of fractures and types of fillings

Based on the filling conditions of natural fractures, they can be
classified as unfilled, partially filled, or fully filled (Zhang et al.,
2021b). Unfilled fractures consist of the fracture walls and voids,
partially filled fractures consist of the fracture walls, voids, and
filling materials, while filled fractures consist of the fracture walls
and filling materials. In the study area, cap rock fractures were
found to be filled only with calcite, and other common types of
natural fracture fillings include minerals like quartz, clay, and
dolomite (Zeng et al., 2012). The fracture walls may be composed
of carbonate or silicate minerals. Under the influence of carbon-
ation, fracture walls or filling materials may undergo dissolution or
form new mineral precipitates, leading to changes in fracture
aperture or closure and alterations in fracture permeability
(Laubach et al., 2019; Laubach, 2003). Therefore, it is essential to
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consider the mineral composition of fracture walls and the types of
filling materials.

In acidic environments, most silicate minerals, including feld-
spar, mica, and clay minerals, exhibit high instability and are prone
to dissolution in water (Fig. 15). Simultaneously, under suitable
conditions, new minerals can form (Pham et al., 2011; Zhang et al.,
2015). As the H" concentration increases, the dissolution rates of
most silicate minerals rapidly increase exponentially, while the
dissolution rate of quartz remains nearly constant or even slowly
decreases (Dove and Crerar, 1990). Consequently, for unfilled
fractures with quartz as the component of the fracture walls, there
is minimal reaction with carbonic acid, resulting in little to no
change in the aperture and permeability of the fractures. However,
if the mineral composition of the fracture walls includes other
silicate minerals, new mineral precipitates may form. For instance,
minerals such as kaolinite, muscovite, alunite, and quartz could
potentially obstruct the fracture pathways, reducing the perme-
ability of the fractures (Rosenbauer et al., 2005; Watson et al.,
2004). Similarly, if the filling material in the fractures is clay
minerals, especially smectite, it may react with HCO3 to form new
minerals such as iron dolomite, quartz, and kaolinite (Kurnosov
et al., 2020), resulting in minimal changes in the permeability of
the fractures. Since quartz-filled fractures resist dissolution by
H,COs3, the permeability of quartz-filled fractures remains almost
unchanged. The increased amount of quartz primarily stems from
the reaction between H,CO3 and smectite and feldspar. Most car-
bonate minerals, such as calcite, magnesite, siderite, and dolomite,
are susceptible to reactions with carbonic acid (Fig. 15). For un-
filled fractures with carbonate minerals as components of the
fracture walls, they may react with carbonic acid and dissolve (Du
et al., 2018; Yu et al., 2012), resulting in localized increases in
fracture aperture. Similarly, if the filling material in the fractures
comprises calcite and dolomite veins, the veins may gradually
dissolve in H,COs, creating localized high-permeability channels
and significantly increasing the permeability of the fractures. It is
worth noting that when CO, is injected into geological formations
containing calcite-filled fractures, it can react with the ground-
water and existing calcite minerals. This reaction may lead to the
dissolution of calcite, releasing calcium and carbonate ions into
the solution. Under certain conditions such as changes in pressure,
temperature, or chemical composition of the solution, these cal-
cium and carbonate ions may re-precipitate as carbonate minerals,
such as calcite or dolomite, within the fractures. Therefore, early
exposure to H0 and CO, may result in an increase in the content
of calcite and dolomite, but ultimately, they will be completely
dissolved (Fig. 15).

5.2.2. Impact of permeability of cap rock fractures on geological
storage of CO;

After the injection of CO, into the reservoir, it migrates upward
continuously under the influence of buoyancy and injection
pressure, accumulating extensively beneath the cap rock. CO; in-
filtrates the cap rock by breaking through capillary forces between
the reservoir and cap rock or using fractures between the reservoir
and cap rock as pathways. Consequently, CO,-H;0-Rock reactions
occur within the cap rock fractures. In the context of oil and gas
reservoir exploration and development, filled fractures, having
nearly lost their permeability, are considered ineffective. Partially
filled and unfilled fractures, exhibiting permeability, are deemed
effective. Initially, unfilled fractures in the cap rock have higher
permeability. As the CO,-H,0-Rock reaction progresses, CO;
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encounters silicate minerals in the cap rock fracture pathways,
resulting in either new precipitation or no reaction. This leads to a
reduction or minimal change in the fractures’ permeability to CO».
In cap rock fractures where CO, encounters carbonate minerals,
dissolution occurs, increasing the aperture of the fractures and
enhancing the permeability to CO,, consequently raising the risk of
CO; leakage. Filled fractures in the cap rock initially have lower
porosity and permeability, providing minimal conduits for CO,
migration. As the CO,-H,0-Rock reaction continues, the perme-
ability of fractures filled with quartz and clay remains essentially
unchanged. The former experiences no CO,-H,0-Rock reaction,
while the latter forms new mineral precipitates, promoting frac-
ture closure. Fractures filled with calcite and dolomite witness an
increase in permeability as the CO,-H,0-Rock reaction progresses.
After the complete dissolution of the veins, the permeability of
fractures is jointly controlled by effective stress, fracture orienta-
tion, and the current maximum principal stress. Therefore,
changes in CO, permeability follow a similar trend to unfilled
fractures. Regardless of whether it is carbonate minerals in frac-
ture walls or fracture fillings, in the CO2-H,0-Rock system, besides
the dissolution of carbonate cement in fractures, variations in CO;
concentration, pressure, ambient temperature, hydrodynamic
conditions, and calcium ion concentration can lead to the forma-
tion of carbonate cement (Xu et al., 2003; Zhu et al., 2011). Sec-
ondary precipitation processes can result in the plugging of
fractures with calcite and dolomite, aiding in self-sealing of the
fractures, which may potentially reduce their permeability. Thus,
during the geological storage of carbon dioxide, changes in other
conditions are also significant factors affecting the CO,-H,0-Rock
reaction in cap rocks and the permeability of carbonate-filled
fractures.

Overall, different types of fractures exhibit varying impacts on
CO,, geological storage. High-angle tectonic fractures and fractures
oriented parallel to the current stress direction pose the highest
risk of leakage in CO, geological storage. In comparison to high-
angle tectonic fractures, laterally distributed bedding fractures
dominate the lateral migration of CO,. The intermittent and
discontinuous distribution of these bedding fractures, coupled
with the influence of overlying formation pressure, results in
relatively poor aperture and permeability, thereby reducing the
risk of CO, leakage into the cap rock. The impact of differently
filled fractures on CO, geological storage is characterized by a
higher risk of CO, leakage in fractures filled with carbonate min-
erals like calcite and dolomite due to prolonged CO,-H,0-Rock
reactions. In contrast, fractures filled with silicate minerals such as
quartz pose a lower risk of CO; leakage.

6. Conclusions

(1) In the Gaoyou Sag of the Subei Basin, mudstone cap rocks
from the Paleogene Sanduo and Dainan Formations contain
tectonic (shear and slip) and non-tectonic (bedding and
dissolution) fractures. Tectonic fractures trend NNW-SSE,
NWW-SEE, E-W, and NE-SW. Shear fractures are high-
angle, slip fractures are moderate-angle, and bedding frac-
tures are near-horizontal. Tectonic fractures are larger but
less dense than diagenetic ones, with some fully filled by
calcite.

(2) Natural fractures significantly increase CO, leakage risk.
Fractured samples have permeability three to four orders of
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magnitude higher than intact samples. Fracture perme-
ability decreases with pressure but remains above 10 mD
even at 46 MPa.

(3) CO; injection pressure limits should be based on fracture
opening pressure rather than cap rock fracturing pressure.
Factors like burial depth, fracture dip, and alignment with
the maximum principal stress should be considered to
prevent further fracture opening and CO, leakage.

(4) Fracture permeability is controlled by orientation, stress,
mineral composition, and filling material. High-angle frac-
tures aligned with the stress direction have the highest
permeability. Increased effective stress reduces perme-
ability, while CO,-H,0-Rock interactions modify perme-
ability based on mineral content.

(5) High-angle fractures aligned with the stress direction pose
the greatest CO, leakage risk. Bedding fractures promote
lateral CO, migration, reducing vertical leakage risk. Frac-
tures filled with carbonates (calcite, dolomite) are more
susceptible to CO,-H,0-Rock reactions, while silicate-filled
fractures (quartz) present lower risks.
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CO,-H,0O-rock interaction equation

COZ =+ H2 0$H2CO3

SiO, | (Quartz) + 2H,0

CO, + H,0 + CaCO5(Calcite) = Ca(HCO3),

CO, + H,0 + MgCO3(Magnesite) = Mg(HCO3),

CO, + H,0 + FeCO5(Siderite) = Fe(HCOs),

CaMg(CO3), (Dolomite) + 2H,CO; = Ca*™ + Mg?* + 4HCO3

2KAISi3Og(Potassium feldspar) + 2H' + 9H,0 = Al,Si,05(0OH)4| (Kaolinite) + 2K* 4 4H4Si04
2NaAlSi;0g (Albite) + 3H,0 + 2C0, = Al,Si,05(0H),1 (Kaolinite) + 4Si0, | (Quartz) + 2Na* + 2HCO3
NaAISi;Og(Albite) + H,0 + CO, = NaAICO3(OH),(Dawsonite) + 3Si0, | (Quartz)

[,&—Z} 5A125i201O(OH)gl(Chlorite) + 5CaC03 + 5CO, =5Ca [ﬁ,] (CO3)5 4 (Magnesium — Iron Dolomite) + Al;,Si; 05(OH)4 . (Kaolinite) +
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